Abstract. X-Ray Photoelectron Spectroscopy (XPS) is being used to an increasing extent for the characterization of new gate-oxide materials, particularly for the determination of film composition, uniformity, and thickness. A key parameter for film-thickness measurements by XPS is the effective attenuation length (EAL) for a particular material, photoelectron energy, and measurement configuration. Due to the effects of elastic scattering on signal-electron trajectories, the EAL generally differs from the corresponding electron inelastic mean free path (IMFP) and is a function of film thickness and electron emission angle. We present calculations of EALs for four proposed gate-oxide materials: zirconium dioxide, hafnium dioxide, zirconium silicate, and hafnium silicate. These EALs were obtained from the NIST Electron EffectiveAttenuation-Length Database that uses an analytical expression derived from solution of the Boltzmann equation within the transport approximation. The EALs were computed for the relevant photoelectron lines excited by Al characteristic x rays and for a range of film thicknesses and emission angles of practical relevance. The EALs were compared with the corresponding IMFPs to determine the magnitudes of the correction for elastic-scattering effects in each gate-oxide material. For common measurement conditions, this correction varied between 12 % and 20 %.
INTRODUCTION
While silicon dioxide and, more recently, silicon oxynitrides have been used as gate-dielectric materials in semiconductor devices, other materials will be used in the future as "high-K" dielectrics [1] [2] [3] . These materials, with higher dielectric constants than that of SiO 2 , will have larger physical thicknesses in order that the equivalent oxide thickness (corresponding to a SiC>2 dielectric) can be reduced. For devices produced between 2003 and 2007, the equivalent oxide thickness will be between 0.6 nm and 1.6 nm for highperformance logic and between 1 nm and 1.6 nm for low-operating-power logic [1] . These thicknesses need to be measured with an uncertainty (3a) of ± 4 % [1] .
Many techniques have been used for the measurement of gate-dielectric thicknesses. Even for the relatively favorable case of measuring the thickness of SiO 2 films, results from different methods can disagree by more than a factor of two when the thickness is less than about 2.5 nm [4] [5] [6] . These disagreements are due in part to different assumptions in the models for the various techniques (e.g., compositional and structural variations at the silicon-silicon dioxide interface, film uniformity, topography, and surface contamination when measurements are made in the atmosphere) [4] [5] [6] . Thickness measurements with high-K gate dielectrics will be more complex because of the likely presence of both this dielectric and SiO2.
X-ray photoelectron Spectroscopy (XPS) is frequently used for thickness measurements of thin (< 10 nm) overlayers including gate dielectrics [4] [5] [6] . The thickness measurement depends on the value of the effective attenuation length (EAL) for the relevant photoelectron energy in the overlayer material [7] , The EAL differs from the corresponding electron inelastic mean free path (IMFP) because of the effects of elasticelectron scattering during the transport of the signal photoelectrons from their point of generation to the specimen surface [7] . In general, the IMFP can exceed the EAL (for the same material and electron energy) by up to ~ 40 % for common measurement conditions [8] . We present calculated EALs for photoelectrons in four proposed gate-dielectric materials: zirconium dioxide, hafnium dioxide, zirconium silicate, and hafnium silicate. The EAL results are relevant to socalled angle-resolved XPS experiments (i.e., measurements of XPS intensities as the specimen was tilted) with a fixed angle (\p= 54°) between the x-ray source and the analyzer axis. This angle is often used on commercial XPS instruments. Experimentally, overlayer thicknesses can be determined from measurements of substrate XPS intensities at a fixed emission angle (i.e., from comparisons of intensities measured before and after the film was deposited) or from analyses of intensities at several emission angles. Our EAL calculations were made for photoelectron excitation by characteristic Al Koc x rays.
We find that elastic-scattering effects cause a systematic difference of up to about 20 % between EAL and IMFP values in the four gate dielectrics for photoelectron emission angles (with respect to the surface normal) of less than 50°. At larger emission angles, the systematic difference can be appreciably larger.
EAL CALCULATIONS
The EALs for each gate-dielectric material were obtained from the NIST Electron EffectiveAttenuation-Length Database [9] . These EALs were computed from an algorithm based on solution of the kinetic Boltzmann equation within the transport approximation [10, 11] . This algorithm accounts for elastic scattering along photoelectron trajectories in the solid. An assessment of the accuracy of this algorithm has been published recently [12] . We have also published similar EAL calculations for SiO 2 on Si [13] [14] [15] .
Our calculational algorithm is based on the implicit assumption that the inelastic-and elastic-scattering properties of the overlayer film are similar to those of the substrate. This assumption is valid for an overlayer of SiO 2 on a Si substrate [15] but less valid for the high-K dielectrics on Si (or on an intermediate layer of SiO 2 ) considered here. Nevertheless, Monte Carlo simulations indicate that the substrate has a relatively minor effect on the EAL for the overlayer [16, 17] . We therefore believe it reasonable to compute EALs for the high-K dielectrics that are relevant to the attenuation of Si 2p photoelectrons from the Si (and possibly also SiO 2 ) of the substrate by the dielectric and to the increase of the photoelectron signal from the dielectric material with increasing thickness of this material.
We have defined the "practical" EAL, L, applicable to measurements of overlayer-film thicknesses from changes of the XPS signal intensities from the substrate as [7, 8] :
where a is the electron emission angle with respect to the surface normal, and /Q and // are the substrate intensities before and after deposition of an overlayer film of thickness t. We can similarly define a practical EAL for measurements of overlayer-film thicknesses from changes of the XPS signal intensities from the overlayer material (here the high-K dielectric) as: (2) where /£ and // are the overlayer-film intensities for a film of infinite thickness and for a thickness t, respectively.
Two material parameters are needed for the EAL calculation: (a) the inelastic mean free path (IMFP) which is inversely proportional to the total cross section for inelastic scattering, and (b) the transport mean free path (TMFP) which is inversely proportional to the transport cross section that is a measure of the strength of large-angle elastic scattering. Table 1 shows IMFPs and TMFPs for the high-K materials and the relevant photoelectron lines [18] and energies [19] . The IMFPs were obtained from the IMFP predictive equation TPP-2M of Tanuma et al [20] . The EAL calculation also requires values of the photoionization asymmetry parameter for each line [21] . 
RESULTS
We consider first attenuation of Si 2p photoelectrons from the Si substrate and possibly an intermediate layer of SiO 2 through overlayers of high-K dielectrics of variable thickness. As an example, Fig. 1 Fig. 1 represent loci of L/Ai values corresponding to attenuation of the substrate Si 2p intensity to 1 % and 10 % of the value for an uncovered substrate. The regions of Fig. 1 to the left of these lines indicate the combinations of film thickness and emission angle for which practical XPS measurements are most likely to be made.
We see from Fig. 1 photoelectrons from a Si (or Si/SiO 2 ) substrate as a function of the thickness of a ZrO 2 overlayer film for XPS with AI Ka x rays at different emission angles a (solid lines). For clarity, curves for 10° < a < 40° are not shown. The shortdashed lines show L/Aj values for film thicknesses and emission angles for which the substrate Si 2p intensity was reduced to 1% and 10% of its value for uncovered substrate. The long-dashed line shows L SG /Ai where L S c was obtained from the EAL formula of Seah and Gilmore [22] .
to 1 % and 10 %, respectively, of its maximum value (for an uncovered substrate). These average values were calculated by averaging the L/Ai results over film thickness for thicknesses (at 1 A increments) from zero to the maximum values corresponding to attenuation of the Si 2p intensities to 1 % and 10 % of its maximum value. significantly with a for 0° <a<50°. At larger emission angles, these ratios change more rapidly with a, as expected from the plots in Fig. 1 . We also show in Fig. 2 the ratio L S G/Aj where L S o is an attenuation length derived from an empirical formula proposed by Seah and Gilmore [22] for emission angles between 0° and 58°. This L SG value is less than L^/A, and unity by between 12.3 % and 19.1 %. These differences indicate the magnitudes of the effects of elastic scattering of the signal electrons on film-thickness determinations from measurements of the attenuation of Si 2p photoelectrons in the indicated materials. Because these elastic-scattering effects are substantial, film thicknesses should be determined using EALs for the relevant measurement conditions rather than IMFPs. Table 2 (a) also shows values of Lave and Lave which differ by only 0.2 A. These values (or similar values obtained for the specific measurement conditions of interest) can be used to derive film thicknesses from Eq. (1). Alternatively, these values be used as the "lambda parameter" to obtain film thicknesses from analyses of a set of angle-resolved XPS data for 0° <a< 50° [24] . We consider now thickness measurements of high-K materials from intensity changes of photoelectron signals from overlayer films of these materials, e.g., through use of Eq. (2). The NIST EAL database [9] provides EALs based on Eq. (1). That is, for the present application, it is assumed that there is a (fictitious) substrate of the same high-K material, and EALs are computed for attenuation of photoelectrons from this substrate by the overlayer film [7] . Replacement of this substrate by another (as we have done for the previous results here) has a small effect on the derived EALs [16, 17] . Lassen et al [17] showed that EALs from this approach can also be used to obtain film thicknesses from changes in overlayer-film photoelectron intensities. Their estimates of the uncertainties of derived thicknesses (ranging from 6.2 % to 16.5 % for overlayers of C and Au on Si, respectively) were based on analyses of photoelectron intensities for emission angles at 10° increments between 0° and 80°. We expect (by inspection of the illustrative results in Fig. 1 
SUMMARY
We have presented calculated EALs needed for measurement of film thicknesses of four proposed high-K gate dielectrics: ZrO 2 , HfO 2 , ZrSiO 4 , and HfSiO 4 . These EALs were computed for XPS with Al Koc x rays in a common measurement configuration.
For photoelectron emission angles between 0° and 50°, average values of the EAL may be satisfactory for the film-thickness measurements. These average EALs are typically between 12 % and 20 % (depending on the material and photoelectron line) less than the corresponding IMFPs. For larger emission angles, it will generally be necessary to determine the film thickness by iteration. That is, a preliminary thickness should be obtained first from an estimated EAL, and then this EAL should be subsequently refined for the next estimate of film thickness.
